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Although considerable progress has been made in under- 
standing how tumors evade immune surveillance, measures to 
counter the same have not kept pace with the advances made 
in designing effective strategies. 4-1 BB (CD137; TNFRS9), an 
activation-induced costimulatory molecule, is an important 
regulator of immune responses. Targeting 4-1 BB or its natural 
ligand 4-1 BB ligand (4-1 BBL) has important implications in 
many clinical conditions, including cancer. In-depth analysis 
revealed that 4-1BB-mediated anti-cancer effects are based on 
its ability to induce activation of cytotoxic T lymphocytes 
(CTL), and among others, high amounts of IFN^y. In this 
review, we will discuss the various aspects of 4-1 BB-mediated 
anti-tumor responses, the basis of such responses, and future 
directions. [BMB Reports 2014; 47(3): 122-129] 



INTRODUCTION 

Cancer remains one of the leading causes of death in the 
world. Recent studies have shown an estimated 12.7 million 
cancer cases worldwide, which affect both sexes equally. This 
number is expected to increase to 21 million by 2030. Cancers 
are mainly caused by the rapid spread and mutation of certain 
cells of the body. Although considerable knowledge has accu- 
mulated of how tumors evade immune surveillance, effective 
cancer therapies are still a daunting task for the clinician. This 
is mainly due to two reasons: poorly immunogenic tumors, 
and evasion of immune surveillance by the tumors. Moreover, 
tumors use multiple mechanisms to bypass immune surveil- 
lance, and many of these mechanisms are mediated at the cel- 
lular or molecular levels. 
Since most tumors are killed by cytotoxic T lymphocytes 
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(CTL) in an antigen-specific manner, agents that propel CD8 + 
T cell activation and impart strong cytolytic, inflammatory, im- 
mune regulating properties, and antigen-specificity are there- 
fore ideal candidates to enhance anti-tumor immunity. Immu- 
notherapy targeting CD8 + T cells by agonistic anti-4-lBB 
(CD137) monoclonal antibody (mAb) aptly fits these requisites. 
4-1 BB, a member of the tumor necrosis factor receptor super- 
family T cell costimulatory receptor, is induced, when T cells 
receive antigen-specific signals. Among the various animal 
models studied to date, 4-1 BB signaling was the most inves- 
tigated in tumor models (1). Recently, anti-4-lBB has entered 
clinical trials, and results thus far show favorable toxicity. 
Here, we discuss the characteristics of 4-1 BB, and its role as a 
powerful anti-cancer agent, the mechanistic basis of such ac- 
tion, and future direction. 

4-1BB: DISCOVERY AND PHENOTYPE 

4-1 BB was originally discovered in the late 80s from activated 
cells (2), and on account of this, it was originally referred to as 
induced lymphocyte activation (ILA) in humans (3), and as 
4-1 BB in mouse (4). However, later studies showed that 4-1 BB 
is constitutively on a number of cells, albeit at low levels, in- 
cluding Foxp3 + Tregs and DCs (2, 6, 7). Activation with a 
number of agonists, such as cytokines (IL-2, 1L-4), polyclonal 
activators (Con A and PHA), and cell surface molecules 
(anti-CD3 and anti-CD28), and promoters of Ca2 + induction 
and PKC activity (ionomycin and photbol myristate acetate), 
further enhance the expression of 4-1 BB (2, 6, 7). 4-1 BB is 
completely cloned, and its protein sequence is documented, 
revealing that it exists both as a 30kDa monomer, and as a 55 
kDa dimer (5). 

BIOLOGICAL EFFECTS OF 4-1 BB SIGNALING 

Numerous studies have established that signals via 4-1 BB are 
costimulatory in nature (8, 9). Further analysis revealed that al- 
though both CD4 + and CD8 + T cells express 4-1 BB at com- 
parable levels, upon activation, signals through 4-1 BB are 
more biased toward CD8 + T cells, both in vitro (10), and in 
vivo (11, 12). The mechanistic basis of such CD8 + T cell 
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biased 4-1 BB signaling is yet to be elucidated in detail. 
Despite this functional disparity, the 4-1 BB 7 " and 4-1 BBL" A de- 
velop with normal cellularity, and reveal no functional or 
CD8 + biased defects (13, 14). 

Interestingly, in vivo administration of agonistic anti-4-1BB 
leads to the deletion of a number of cells, including B, NK, 
and CD4 + T cells, while promoting CD8 + T cell expansion, 
yet offering protection against several pathological conditions, 
including autoimmunity, cancer, and transplantation (11, 
15-18) (Fig. 1). The reasons underlying the in vitro vs. in vivo 
functions of anti-4-1 BB are currently unknown. Despite this, 
4-1 BB has emerged as a strong activator of immune cells, and 
as an important candidate against various diseases (3, 8, 9). 

EXPRESSION OF 4-1 BB ON TUMOR CELLS, AND IN 
THE SERA OF CANCER PATIENTS 

A number of studies have shown that 4-1 BB is also expressed 
on a wide range of tumor cells, including SPC-A-1, H446, 
H460, and H1299 (19). Expression of 4-1BB in cancer patients 
was found also on tumor vessel walls, on the endothelial wall, 
on vascular smooth muscles (20), and in liver tissue (21). 
Interestingly, constitutive and functional expression of 4-1 BB 
was also noted on leukemic cell lines (22), and in some cases, 
such expression has been known to curb T cell activation (23), 
and is therefore considered as a possible anti-tumor agent (24). 
Like certain members of the TNFR superfamily, 4-1 BB and 
4-1 BBL also exist in soluble forms in the sera of patients suffer- 
ing from certain clinical conditions, including cancer. There 
are reports to suggest that soluble 4-1 BBL possesses activation 
potential (25). 
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Fig. 1. Biological effects of 4-1 BB signaling. 4-1 BB signaling is 
well established in a number of cell types, including T and NK 
cells, and APCs. Signaling via 4-1 BB by anti-4-1 BB activates vari- 
ous immune competent cells, leading to activation, cytokine in- 
duction, prevention of activation-induced cells death (AICD), upre- 
gulation of CTL activity, and increased survival (A). In vivo ad- 
ministration of 4-1 BB into mice or other animals has various con- 
sequences, including a robust activation of CD8 + T cells, erad- 
ication of established tumors, prevention of autoimmune diseases, 
and increased graft survival (B). The numbers in parentheses de- 
note the references highlighting the individual action of 4-1 BB 
signaling. 



ANTI-4-1 BB mAbs AS ANTI-CANCER AGENTS 

Since the pioneering study of Melero et a/. (26), who first 
showed that in vivo administration of agonistic anti-4-1 BB 
mAb has potent anti-tumor properties against both poorly im- 
munogenic Ag104 A sarcoma and highly immunogenic P815 
mastocytoma, several investigators have since corroborated 
the anti-tumor effects of 4-1 BB. It is interesting to note that 
studies of 4-1 BB are far more investigated in cancer, than in 
other pathological conditions (1). 4-1 BB therapy alone, or in 
combination with other agents, gained widespread recog- 
nition, due to its/their strong anti-tumor properties. For exam- 
ple, anti-4-1 BB mAb, co-injected with semi-allogenic DCs in 
MC38-bearing mice, resulted in the regression of these poorly 
immunogenic MC38 tumors (27). Likewise, the combination 
of anti-4-1 BB and IL-12, screened for their anti-tumor proper- 
ties against B16-F10 melanoma, as well as pulmonary meta- 
static models, revealed a 50% survival rate in tumor-bearing 
mice (28); while elimination of NK cells, but not others, re- 
versed the anti-tumor effect of anti-4-1 BB/IL-1 2 (28), high- 
lighting the importance of the anti-4-1 BB/IL-1 2/NK cell axis in 
this pulmonary metastatic model. Although most of the anti-tu- 
mor effects of anti-4-1 BB are dictated by CD8 + T cells (1), a 
connection between 4-1 BB and NK and NKT cells was pro- 
posed in P81 5-bearing mice, where in vivo depletion of NK or 
NKT cells completely removed the tumor suppressing ability 
of anti-4-1 BB. Although addition of anti-hu4-1BB supported 
the proliferation of allo-stimulated cells in vitro, treatment with 
the same Ab failed to inhibit human xenografts in SCID mice 
(29). To understand which component was the target of in vivo 
anti-4-1 BB therapy of cancer, several investigators conducted 
in-depth experiments in tumor-bearing lymphocyte-deficient 
mice. It was found that T cells (both CD4 + and CD8 + T cells) 
are critical for in vivo anti-tumor effects against MCA 205 sar- 
coma or GL261 glioma cells, as their depletion in wild-type 
mice, or experiments in SCID mice, reversed the anti-tumor ef- 
fects of 4-1 BB (30). Others have also confirmed the above find- 
ing, where depletion of Ag-specific CTLs failed to stop the 
growth of C3 tumors, TC-1 lung carcinoma, and B16.F10 mel- 
anoma, despite anti-4-1 BB therapy (31). Further analysis re- 
vealed that anergy, but not deletion of tumor Ag-specific CTLs, 
was responsible for the failure of anti-4-1 BB anti-tumor effects 
(31). That CD8 + T cells are required for anti-4-1 BB-mediated 
suppression of P1A-expressing J558 cells in RAG2 7 " mice was 
revealed, when these tumor bearing mice were infused with 
CD8 + T cells and anti-4-1 BB, and showed delayed tumor 
growth and enhanced survival (32). DCs have been shown to 
play a vital role in anti-4-1 BB-mediated anti-tumor immunity 

(33) , as their removal eliminated the efficacy of anti-4-1 BB 

(34) . The powerful anti-cancer agent 5-flurouracil (5-FU), 
which works through inhibiting thymidylate synthase, when 
combined with anti-4-1 BB, but nor individually, led to the in- 
hibition of established tumors in more than 70% of mice (35). 
A role for adhesion molecules was implicated in the anti-tu- 
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mor effects of 4-1 BB. Palazzo et al. (36) have demonstrated 
that upregulation of ICAM-1 and VCAM-1 on tumor endothe- 
lial cells, following anti-4-1BB administration, increased T cell 
migration into tumor site. These results were further verified by 
treating mice with inhibiting Abs to ICAM-1 and VCAM-1, 
which showed reversal of anti-4-1BB anti-tumor effects (36), 
indicating that in vivo anti-4-1 BB-mediated anti-tumor effects 
stretch beyond T and non-T cells. 

Cell-based immunotherapy, also called adoptive T cell ther- 
apy (ACT), continues to be an important avenue for cancer pa- 
tients who fail standard treatments. A number of reasons ac- 
count for this. First, the specificity, avidity, and effector func- 
tions of infused cells can be precisely defined. Although sig- 
nificantly improved and streamlined, ACT still faces significant 
hurdles (37). Loss of important cell surface bound activation 
molecules, the longevity and durability of transferred cells, 
and activation-induced cell death (AICD) are some of the fac- 
tors that are known to affect the success of ACT. ACT, when 
combined with anti-4-1 BB therapy, has been shown to over- 
come some of these hurdles. It was observed that ex vivo am- 
plification of isolated tumor infiltrating lymphocytes (TILs) re- 
sults in the down-regulation of certain key surface molecules, 
and upregulation of 4-1 BB (38). Interestingly, ligation of 4-1 BB 
in these TILs by anti-4-1 BB not only prevented AICD, but also 
augmented their proliferative potential, and enhanced their cy- 
tolytic activity against melanoma cells (38). Many studies have 
shown that anti-4-1 BB-mediated tumor suppressive effects are 
not limited to CD4 + T or CD8 + T cells. There is enough evi- 
dence to suggest that anti-4-1 BB also stimulates the cytolytic 
function of NK cells, as revealed by their ability to kill A549 
tumor cells (39). Likewise, the cytokine-induced killer (CIK) 
cells, developed in vitro with a combination of anti-CD3, IL-2, 
and IFN-y, acquire potent anti-cancer properties (40, 41); and 
when co-administered with anti-4-1 BB into A549 tumor cells- 
bearing SCID mice, showed reduced mortality (39). Further 
studies revealed that the success of anti-4-1 BB therapy against 
A549 tumor cells, in the above study, was due to the increased 
expression of IL-2, IFN-y and TNF-oc in the activated CIK cells 
(39). These data strongly suggest that anti-4-1 BB has many po- 
tential targets in vivo, whose stimulation results in augmented 
tumor eradication. 

VARIANTS OF ANTI-4-1 BB AS ANTI-TUMOR AGENTS 

In addition to the anti-cancer effects of anti-4-1 BB Abs, target- 
ing the 4-1 BB receptor with variants of the 4-1 BB molecule has 
also shown promise. A large proportion of carcinomas express 
surface mesothelin (42), and T cells engineered to express a 
single chain variable fragment that binds mesothelin fused 
with the T cell zeta (Q chain, CD28, and 4-1 BB, showed en- 
hanced persistence, and decreased the tumor burden, when 
transferred into NOD/SCID/IL-2Y-/- mice carrying pre-estab- 
lished human primary M108 tumors (43). T cells from um- 
bilical cord blood (UCB) could kill leukemia and lymphoma 



cells in vitro, when equipped with a single chain chimeric an- 
tigen-receptor (CAR), carrying the intracellular domain of the 
CD3£ chain and 4-1 BB (44). On the other hand, in vivo in- 
fusion of these engineered UCB T cells into human Daudi lym- 
phoma tumor-bearing SCID mice showed only marginal (but 
not significant) survival rates over control group (44). Human T 
cells engineered to express a chimeric immune receptor (CIR) 
specific for folate receptor-alpha (FRoc), had strong anti-tumor 
activity against epithelial cancers in vitro, but not in vivo, due 
mainly to their short lifetimes, and inability to migrate to tu- 
mor sites. Song et al. (45) devised a strategy to overcome this 
problem: they modified the CIR containing a FRoc-specific 
scFV (MOv19), by coupling it to the TCR CD3^ chain signal- 
ing molecule, either alone (MOv19-Q, or in combination with 
the CD137 (4-1 BB) costimulatory motif (MOv19-BBQ. 
Although both modified CIRs induced in vitro tumor activity, 
only MOv19-BB^ elicited robust in vivo anti-tumor activity, 
when transferred into immune-deficient mice bearing estab- 
lished FRoc human cancers (45). Careful examination revealed 
that the MOv19-BB£ -expressing human T cells survived lon- 
ger, and were present within the tumors, suggesting that they 
homed efficiently. When a vector encoding a cell-bound sin- 
gle-chain Fv fragment from the anti-4-1 BB mAb clone, 1 D8, 
was transduced into mice harboring K1735 melanoma cells, 
and these were implanted into mice, they induced robust Th1 
responses in a CD4 + T- and NK cell-dependent manner (46). 
Collectively, these findings indicate that alternative ways of 
targeting 4-1 BB for cancer treatment are available. 

ANTI-4-1 BB COMBINATION THERAPY WITH OTHER 
ANTI-CANCER AGENTS 

A number of studies have demonstrated that anti-4-1 BB Ab, 
when combined with other anti-cancer agents, can enhance 
anti-tumor activity. The B16.F10 melanoma-bearing mice, 
when treated with IL-12 gene transfer, or with anti-4-1 BB 
alone, had no effect (47); however, when the two treatments 
were combined and administered, tumor reduction was ob- 
served in about 50% of the tumor-bearing mice, and their sur- 
vival increased in a T- and NK cell-dependent manner, as cell 
depletion studies showed that elimination of CD8 + T or NK 
cells, but not CD4 + T cells, inhibited the anti-tumor activity of 
the combination therapy (47). Interestingly, repeated in- 
jections, as opposed to single injections, of DC engineered to 
secrete IL-12, resulted in significant suppression of CT26 colon 
carcinomas (48). Importantly, when this treatment for both 
spontaneous and established tumors was combined with an- 
ti-4-1 BB mAb, the therapeutic effect was increased further (48). 
Ito et al. (49) showed that anti-4-1 BB, when combined with 
vaccination with tumor cell lysate-pulsed dendritic cells 
(TP-DC), increased tumor regression, and enhanced the surviv- 
al of tumor-bearing mice. Further studies showed that the com- 
bined therapy also resulted in improved local control of sub- 
cutaneous tumors, following surgical resection. Cell depletion 
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studies have revealed that CD8 + , CD4 + , and NK cells are in- 
volved in tumor regression, in the combination TP-DC/an- 
ti-4-1 BB therapy (50). When mice with preexisting MC38 
(murine adenocarcinoma), but not B16 melanoma, tumors 
were administered with antibodies to CTLA-4 and anti-4-1BB, 
significant CD8 + T cell-dependent tumor regression was ob- 
served, together with long-lasting immunity to these tumors 
(50). Sin et a/. (51) have recently demonstrated that a combina- 
tion of anti-4-1BB antibodies with Trp2 peptides, in the pres- 
ence of TLR9 agonists, increased the antitumor effect from 0% 
to 75%. In an orthotropic model of metastatic colon carcino- 
ma established in the liver of mice, combination therapy with 
IL-12 and stimulatory anti-4-1BB led to CD8 + T and NK 
cell-dependent tumor regression (52). Treatment with an- 
ti-4-1 BB (Bristol-Myers Squibb (BMS)-469492) led to only mod- 
est regression of M109 tumors, but significantly delayed the 
growth of EMT6 tumors. On the other hand, BMS-469492, an 
anti-mouse agonist, therapy, combined with irradiation (single 
or multiple exposures), resulted in enhanced anti-tumor activ- 
ity against the EMT6 tumors (53). 

Pathological angiogenesis is an important aspect of cancers 
(54). Therefore, treatments directed against tumor-initiated an- 
giogenesis have attracted attention in recent years, and anti-tu- 
mor strategies using endothelial cells (EC) to overcome tu- 
mor-induced angiogenesis have shown promise (55). Ko et a/. 
(56) observed that significant inhibition of both B16.F10 and 
MC38 colon adenocarcinomas occurred, when EC therapy 
was combined with hybrid cells (DC), and with anti-4-1BB. 
Subsequent experiments revealed that the anti-tumor effects of 
EODC/anti-4-1 BB were mediated by EC-specific CD4 + and 
CD8 + T cells (56). Li et a/. (57) confirmed that anti-4-1BB, 
when complexed with other anti-tumor agents, was more ef- 
fective, than when administered individually. These authors 
demonstrated that irradiated tumors engineered to produce 
granulocyte-macrophage colony-stimulating factor (GM-CSF), 
enhanced robust anti-tumor activity against established B16 tu- 
mors, when complexed with agonistic anti-4-1 BB. Subsequent 
studies showed the existence of an elevated proportion of tu- 
mor antigen-specific CD8 + T cells, in the GM-CSF/anti-4-1 BB- 
treated mice. Interestingly, virotherapy, using a genetically en- 
gineered strain of oncolytic vaccinia virus, in conjunction with 
agonistic anti-4-1 BB, significantly reduced the growth of estab- 
lished subcutaneous tumors, but not when injected in- 
dividually (58). Chronic anti-4-1 BB therapy is known to de- 
plete CD4 + T cells (14). Choi et a/. (59) have shown a useful 
effect of CD4 + T cell elimination on anti-4-1 BB-mediated an- 
ti-tumor activity. These authors uncovered that treatment of 
B16.F10-bearing C57BL/6 mice, with either agnostic an- 
ti-4-1 BB, or depletion with anti-CD4 mAbs, had no effect on 
tumor regression. However, when the two treatments were 
combined, significant tumor regression was observed (59). 
Examination of the mechanism involved revealed that massive 
expansion of novel IFN-y producing NKGD2 + KLRG1 + 
CD1 1c + CD8 + T cells was a key element of the anti-4-1 BB/ an- 



ti-CD4-mediated tumor regression. In agreement with this, 
blockade of NKGD2 reduced the therapeutic effect by 
20%-26% (59). Treatment of renal cell carcinomas (RCC) with 
agonistic anti-4-1 BB or 5-FU had a negligible effect on tumor 
regression (35); whereas, the combination of 5-FU and an- 
ti-4-1 BB eradicated established tumors, in more than 70% of 
mice. Further analysis revealed that this tumor regression in 
mice receiving the above combination therapy was correlated 
with increased numbers of lymphocytes in their spleens, and 
tumor-draining lymph nodes, and enhanced proportions of 
apoptotic cells (35). Furthermore, mice that had received the 
combination therapy rapidly rejected re-challenge with the 
same tumors, suggesting that long-lasting tumor-specific mem- 
ory had been established (35). A recent study indicated that 
treatment of mice bearing B16 melanomas, which are poorly 
immunogenic (60), with cyclophosphamide (CTX) or an- 
ti-4-1 BB was ineffective (61); whereas, the combined treatment 
resulted in significant anti-cancer effects. Further analysis 
showed that the efficacy of the combined therapy involved the 
production of large numbers of effector IFN-y + CD11c + CD8 + 
T cells, which in turn were responsible for tumor suppression 
(61). 

TUMOR DEVELOPMENT IN 4-1 BB"'' MICE 

The importance of the 4-1BB-4-1BBL pathway in cancer is fur- 
ther underscored, by studies with 4-1 BB 7 " mice. Treatment with 
B16.F10 melanoma cells increased the mortality of 4-1 BB 7 ", but 
not4-1BB +/+ mice, and treatment of B16.F10-bearing 4-1BB +/+ 
mice with agonistic anti-4-1 BB Ab prolonged their survival, in a 
CD8 + T cell- and IFN-y-dependent manner (62). 4-1 BB ex- 
pression has been reported on follicular dendritic cells (63), 
and anti-4-1 BB treatment affects FDC networks inhibiting T-de- 
pendent humoral responses (64), suggesting a role for this mol- 
ecule in germinal center (GC) formation. Consistent with this, 
about 60% of 4-1 BBL 7 " mice develop B cell lymphomas by age 
1 2 months (65). Further analysis revealed that this effect was as- 
sociated with increased expression of, among others, Bcl-10, 
and the GC response regulators, Bcl-6, spi B, Elf-1, Bach-2, and 
activation-induced cytidine deaminase (65). Vinay et a/. (66) 
have demonstrated that 4-1 BB 7 " mice have reduced NK cell 
numbers and activity. As a result, co-culture of spleen cells and 
tumor cells failed to lyse the latter. However, when the residual 
NK cells in 4-1 BB 7 " mice were isolated, pooled, and co-cul- 
tured with tumor cells, the latter were efficiently lysed, suggest- 
ing that the cytolytic activity of the residual NK cells in 4-1 BB 7 " 
mice is intact, and their inability to cause tumor lysis is attribut- 
able to suboptimal NK numbers (66). In an analogous study, 
Choi et a/. (67) have examined the tumor reactivity of 4-1 BB 7 " 
mice, but in a CD8 + T cell setting. These authors found that 
when 4-1BB +/+ and 4-1 BB 7 " mice were treated with CD8 + T 
cell sensitive tumors like MC38, EL4, CT26, and RENCA, the 
4-1 BB 7 ", but not the littermate wild type controls, showed sig- 
nificant suppression of tumors (67). To understand the under- 
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lying mechanisms of enhanced tumor suppression in 4-1BB" 7 " 
mice, Choi et al. (67) have depleted CD8 + or NK cells, and 
found that tumor protection is significantly lost in both CD8 + T 
and NK cell-depleted 4-1BB" 7 " mice, suggesting that NK cells 
play an important anti-tumor supporting role in CD8 + T 
cell-mediated tumor suppression. These authors further pointed 
out that the enhanced NK numbers in the bone marrows of 
4-1 BB"'" may support the CD8 + T cell function (67). 

Taken together, several of the 4-1 BB agonists show great po- 
tential for human cancer application. For example, BMS- 
666513, fully humanized mAb against 4-1 BB, has completed 
phase I and II trials for its anti-cancer properties in patients with 
melanoma, renal cell carcinoma, and ovarian cancer patients 
(68). Results thus far suggest that the Ab therapy is well tol- 
erated across various dose ranges (0.3 mg/kg-15 mg/kg body 
weight, given every three weeks). Biomarker analysis revealed 
elevated expression of IFN-inducible genes in peripheral blood, 
and in post-treatment biopsies of patients receiving BMS- 
666513 (68). However, 6%-15% of the patients developed 
grade 3 or higher neutropenia and liver enzymes, mild fatigue, 
rash, pruritis, diarrhea, and fever (68). It appears to be im- 
portant to determine in future trials dose ranges of the an- 
ti-4-1 BB that are safe and effective. Meseck et al. (69) have re- 
cently reported a recombinant human 4-1 BB ligand fusion pro- 
tein (hlg-hu4-1 BBs) that showed the ability to activate human, 
as well as monkey T cells, in vitro. These results are encourag- 
ing, and future studies on human cancer subjects will de- 
termine its efficacy as a potent anti-cancer agent. Porter et al. 
(70) have recently shown that in patients with chronic lympho- 
cytic leukemia (CLL), treatment with a low dose (1.5 x 10 5 
cells/ kg body weight) of lentiviral vector, expressing a chimeric 
antigen receptor (CAR) specific for B-cell antigen CD19 linked 
to 4-1 BB and CD3^ chain, corresponded with a delayed occur- 
rence of tumor lysis syndrome, and a complete remission of 
CLL (70). It is noteworthy that inclusion of endodomain of 
4-1 BB sequence enhanced the anti-tumor activities of the CAR, 
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Fig. 2. Anti-tumor effects of 4-1 BB. Targeting 4-1 BB either by an- 
ti-4-1 BB alone, or its variants, or in combination with other agents, 
has powerful anticancer properties. The numbers in parentheses are 
relevant literature highlighting the action of anti-4-1 BB-mediated an- 
ti-cancer effects. 



which might result in prolonging the functions of the T cells in 
the tumor microenvironment (43). The infused engineered cells 
not only self-replicated over 1000-fold, but persisted in higher 
numbers for six months in the blood and bone marrow, after 
the initial transfusion. However, hypogammaglobulinemia was 
routinely observed as a chronic side effect in these patients 
(70). The latter results (70) are promising, and thus far appear to 
have an edge over mAb therapy, as the infused cells self-re- 
plicated, survived for long periods, and more importantly, re- 
tained their CARs intact. 

CONCLUSION 

Taken together, the findings we have summarized clearly sup- 
port the therapeutic potential of targeting the 4-1 BB pathway 
in cancer treatment (Fig. 2). More importantly, the observation 
that targeting the 4-1 BB pathway eliminates established tumors 
is an added advantage; and the fact that anti-4-1 BB therapy 
acts in concert with other anti-cancer agents and/or radiation 
therapy, to eradicate non-immunogenic and weakly immuno- 
genic tumors, is a further benefit. Furthermore, the anti-tumor 
activity of ex vivo anti-4-1 BB-stimulated leukocytes in adoptive 
cell therapy has tremendous potential. Future studies should 
be directed at translating anti-4-1 BB therapy into clinical trials, 
in various forms of cancer. 
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